The regional flow-metabolism couple was studied during the recovery period after I h of left middle cerebral artery (MCA) occlusion in cats. Local CBF (LCBF) was assessed at the end of ischemia as well as at the end of 4 h of recirculation by the microsphere tech nique. Local CMRgl (LCMRgl) was measured at the end of the recirculation period with [14C12-deoxyglucose. His tology was evaluated by light microscopy from coronal brain blocks adjacent to those used for the determination of LCBF and LCMRgl. When LCBF in the central and peripheral MCA territories during the recovery period was between 40 and 115% of the value in sham occlusion studies, LCMRgl was greater than the control level found in the sham studies, and was accompanied by slight his tological damage. This finding suggests that anaerobic glycolysis may persist after transient ischemia in spite of
human brain in various conditions (Phelps et aI., 1982) , only a few preliminary studies have been re ported so far concerning this couple after ischemic stroke (Kuhl et aI., 1980; Ackerman et aI., 1981; Lenzi et aI., 1982; Baron et aI., 1983) . These studies suggest that oxygen and glucose consumption might be more reliably related to the final outcome of the tissue than CBF itself, although more comprehen sive studies focusing on a homogeneous patient population are needed. Clinical studies, however, are difficult because of the many uncontrollable variables (Raichle. 1983) . Controlled animal exper iments that provide additional useful information such as histology may be more suitable for eluci dating the pathogenesis of tissue damage after isch emia.
A recent clinical study of cerebral infarction showed that spontaneous recanalization of the oc cluded artery allowing early reperfusion of the isch emic area is not rare. but is observed in �50'7r of the patients within the first few hours or days after the ischemic attack (Olsen and Lassen. 1983 ).
Ta king into consideration the rather high frequency of this type of stroke, it was felt warranted to study the pathophysiology of the tissue damage and re covery process in an animal model of transient focal ischemia.
During the postischemic period, one of the most important findings is an increase in CMRgl (Levy and Duffy, 1977; Fieschi et aI., 1978; Hossmann, 1979; Diemer and Siemkowicz, 1980; Choki et aI., 1983) . However, it is still controversial as to whether the postischemic increase in CMRgl is a sign of recovery or damage. The postischemic ele vation of CMRgl might be due to persistent low cerebral perfusion, mitochondrial uncoupling, or in creased energy requirements for the repair of cel lular damage. It is important to clarify the under lying mechanism of the postischemic increase in glucose metabolism, since this metabolic pattern seems closely related to the recovery process of the tissue after ischemia and physiological or phar macological modification of this metabolic derange ment may have important consequences in the re covery process (Fieschi et aI., 1978) .
The present study was undertaken to evaluate the state of the regional cerebral flow-metabolism couple and the histological changes after transient focal ischemia in cats so as to shed light on the mechanisms of tissue recovery and damage in the postischemic brain.
METHODS
Cats of either sex, weighing 2.2-3.5 kg, were anes thetized with sodium pentobarbital (40 mg/kg i.p.). Fol lowing tracheal cannulation. animals received gallamine triethiodide 20 mg i.v., and breathed a mixture of 30% oxygen and 70% nitrogen delivered by a Harvard respi rator. Additional doses of gallamine (5-10 mg) were ad ministered when required at 30-to 60-min intervals. Cath eters were placed bilaterally into the femoral arteries and veins, as well as into the right brachial artery for with drawing the reference blood during the microsphere studies. After a left thoracotomy, an additional catheter was placed in the left atrium, and its tip was carefully advanced into the left ventricle for microsphere injection. Two pairs of brass screw electrodes were attached para sagittally over each hemisphere for bipolar recording of the EEG. All wound sites were kept infiltrated with li docaine. The rectal temperature was maintained at 37°C by means of a thermostatically controlled heating lamp. Arterial blood gases were measured at intervals by a Ra diometer BMS3 MK2 blood microsystem. The systemic arterial blood pressure, obtained through a femoral arte rial catheter, and the EEG were continuously recorded on a polygraph (Grass Instruments).
The left middle cerebral artery (MCA) was exposed via a transorbital approach using a modified O' Brien and Waltz (1973) technique. A I-h waiting period was allowed to elapse following completion of the MCA exposure. An ischemic insult was then produced in eight animals by occluding the MCA trunk at the medial margin of the optic nerve with a miniature Mayfield clip. Following oc clusion of the MCA, arterial blood was slowly withdrawn to keep the MABP at 80-90 mm Hg to enhance the isch emia. In five control animals, a sham insult was produced by lightly touching the MCA with a glass rod. At 58 min after the occlusion, microspheres, 15 f..L m in diameter la beled with 46SC (889 and 1,120 ke Y, 84 days half-life; New England Nuclear), were injected in 5-10 s into the left ventricle for the determination of LCBF during ischemia (LCBFI). The number of microspheres injected ranged from 7.0 to 10.0 million depending on the body weight of each animal. The quantity injected was chosen so that each tissue sample (150-250 mg wet weight) could be expected to have at least 400 micro spheres for flows of >10 mlllOO g/min (Buckberg et aI., 1971) . Withdrawal of blood from the brachial arterial catheter using a Harvard withdrawal pump at a constant speed of 2.5 mllmin was begun 5 s prior to the microsphere injection and con tinued for 2 min.
After 60 min of MCA occlusion, the clip was removed and reexpansion of the MCA trunk was confirmed. The shed blood was then slowly reinfused intravenously to restore blood pressure to the preocclusion level. In some animals, small amounts of sodium bicarbonate (0.2-2.0 mEq/kg) were administered intravenously during either the late ischemia or the early recovery period to correct a slight metabolic acidosis.
At 3 h and 15 min after the release of the MCA occlu sion, 250 f..L Ci of [14C]2-deoxyglucose ([14C]2DG; New En gland Nuclear) was injected intravenously as a bolus for the determination of LCMRgl (Sokoloff et aI., 1977) . Ar terial blood samples were drawn during the next 45 min, initially at 15-to 30-s intervals and later at 1-to 1O-min intervals. Plasma aliquots of these samples were assayed for 14C concentration by a liquid scintillation counter (Packard) in aqueous counting scintillant medium (ACSII; Amersham). Blood samples were also taken at 10-to 15-min intervals for determination of the plasma glucose level using a glucose analyzer (Beckman Instru ments).
At 43 min after the [14C]2DG injection, microspheres labeled with 141Ce (145 keY, 32.5 days half-life; New En gland Nuclear) were injected for the measurement of LCBF at the end of the recovery period (LCBF2). The number of microspheres injected and the sampling pro cedures were identical to those described above.
After 4 h of recirculation (2 min after the injection of 141Ce-labeled microspheres), the animals were sacrificed with an intravenous administration of saturated potas sium chloride solution, and the brains were quickly re moved and cut into 4-mm-thick coronal blocks. Alternate blocks were immersion fixed with 10% formalin for 10 days, and processed for histological evaluation by light microscopy. The sections cut from paraffin-embedded blocks were stained with Nissl or hematoxylin-eosin. The remainder of the blocks were frozen in , and severaI 20-f..L m-thick sections were cut from each of these blocks for autoradiography using a cryostat (American Optical). The cut sections were placed on glass covers lips and dried on a hot plate (60°C). The dried sections were then placed on x-ray film (SB-5; Kodak) together with calibrated 14C-embedded methylmethacry late standards for 10 days. When the autoradiograms were available, they were used to guide tissue sampling for microspheres from the remainder of the tissue blocks, which had been stored at -80°C. The tissue samples �150-250 mg) from various regions were weighed and �ounted together with the reference blood in a two channel gamma-counter (Beckman Instruments). The identification of the structures in the brain was based on the cat stereotaxic atlas of Snider and Niemer (1961) .
CBF was calculated using the following formula: CBF (ml/IOO g/min) = 100 x RBF x Cb/Cr, where RBF is the reference blood flow rate of the withdrawal pump, Cb is the countslg of brain tissue, and Cr is the total counts in the reference blood sample (Marcus et aI., 1976) .
Quantitative densitometric analysis of the autoradio grams was accomplished with either a computer-as sisted microdensitometer system (Gamma Scientific) or a computerized scanning system consisting of a rotating drum scanner (Optronics) and an image processor (Grin nell Systems) interfaced to a digital computer (Digital Equipment Corporation). For the calculation of LCMRgl, the operational equation of Sokoloff et al. (1977) as mod ified for changing plasma glucose level by Savaki et al. (1980) was used. The lumped constant for normal anes thetized cats (0.411) (Sokoloff, 1981a) was used, since there is no evidence of a significant difference in the lumped constant between normal brain and postischemic reperfused brain (Ginsberg and . For the rate constants (k) for glucose and DG, the values obtained from the rat (Sokoloff et aI., 1977; Savaki et aI., 1980) were used, since the similarity of these values between rat and monkey (Kennedy et aI., 1978) suggests that the rate constants in the cat will also be similar (see Discus sion). The average LCMRgl value in each anatomical structure was calculated so that each LCMRgl in a par ticular region represents the same region in extent as LCBF.
Histological changes were graded into four categories [(Ginsberg et aI., 1979) as modified from Salford et al. (1973) ]: histologically normal (grade 0), slight ischemic changes with only a few scattered affected neurons (e.g., shrunken cell bodies with triangular, darkly stained cy toplasm and a loss of discrete Nissl substance) (grade I), moderate changes with a typical microscopic field con tai ning several affected neurons (grade 2), and a large portion of affected neurons that are often accompanied with edematous neuropil (grade 3). Using the alternate 4mm-thick coronal brain blocks for histological evaluation enabled us to obtain information on LCBF, LCMRgl, and histology in the same anatomical region.
RESULTS

Physiological data
Arterial blood gases remained stable throughout the study in both the experimental and the sham operated animals except for a small decline in Paco2 during ischemia in the experimental animals (Table  1 ). There were no statistically significant differ ences between the two groups.
Arterial blood pressure remained unchanged in the sham group throughout the entire study (Table  I ). The arterial hypotension induced during the MCA occlusion in the experimental group was promptly reversed following the ischemic period, and the subsequent blood pressure was in the same range as both the control preocclusion level and that of the sham animals. Blood pressures were not abnormally elevated, indicating that the animals were not stressed.
The EEG tracing prior to the MCA occlusion con tained predominantly 6-8/s, 50-to 100-/-1 V activity.
Following induction of cerebral ischemia, there was a gradual decrease in the amplitude to between 0 and 25% of the control, which was accompanied by a slowing of the frequency in the left (occlusion side) hemisphere. After the release of the occlusion, the EEG slowly returned to the preocclusion state, although there was a great variation in the magni tude of recovery from animal to animal, with some animals still showing a depression in the amplitude by > 50% of the control at the end of the study. The EEG of the right hemisphere showed a gradual in crease in amplitude of up to 15% of the control during the recovery period. There was no seizure activity throughout the study in any animal.
LCBF and LCMRgl in the sham animals
The results of the LCBF and LCMRgl measure ments for the left hemisphere of the sham-operated animals are shown in Ta ble 2. Various anatomical regions were classified into four territories in terms of the blood supplied by the MCA: central MCA territory, peripheral MCA territory, boundary ter ritory, and non-MCA territory. There were no dif ferences in LCBF or LCMRgl between the two hemispheres of these regions. The values of LCMRgl were comparable with previously reported values for anesthetized cats (Ginsberg et a!., 1977) . The LCBF values in the various structures were similar to data obtained by the microsphere tech nique in the anesthetized cat (Shulman et a!., 1975) . There was no apparent difference between LCBFl measured at the end of the sham insult period and LCBF2 measured at the end of the study. In addi tion, histokgical evaluation of brain sections did not reveal any abnormalities.
Histology
Coronal sections of control brains fixed by per fusion, embedded in paraffin, and stained by the Nissl method showed an evenly stained cortical ribbon and paler staining of the white matter (Fig.  la) . The thalamic nuclei and hippocampal formation were clearly discernible ( Fig. la) . In contrast, in experimental animals, the area of ischemia was characterized by a pallor of staining that involved the cortex, the white matter, and frequently the basal nuclei ( Fig. Ib) . On higher magnification, normal cortex was characterized by the layers of neurons that displayed prominent nuclei and nu cleoli and varying amounts of cytoplasmic baso philia and Nissl bodies ( Fig. Ic and e ). In normal animals, the neuropil was not vacuolated, retraction spaces around neuronal perikarya were virtually ab sent, and pyknosis of neuronal nuclei and cyto plasm was not seen ( Fig. lc and e ). By contrast, the cortex of ischemic animals showed severe pyk nosis of neuronal nuclei and perikarya, severe fine and coarse vacuolization of the neuropil, and marked retraction of the space around neuronal perikarya ( Fig. Id and f) . These empty-appearing perineuronal spaces might be due to swelling of as trocytes or presynaptic (axosomatic) terminals (Shay and Gonatas, 1973) . ritory as shown in Ta ble 2, and each value of LCMRgl and LCBF was expressed as a percentage of the value of each corresponding anatomical structure in the sham animals. As shown, most re gions had LCBF values of <30% of those in the sham animals, with an average of 20.2 ± 2.8% (mean ± SEM), whereas LCMRgl was widely scat tered from 0 to 270% of the glucose metabolism in the sham animals and the degree of histologic damage varied widely (from grade 0 to 3). (For tech nical reasons, the histology of some structures in a few animals was not available and is classified as "unknown".) When LCBF was <5% of the sham, however, LCMRgl was invariably markedly de-pressed and was accompanied by severe histolog ical damage. Figure 2 (right) shows the relationship between LCBF2, LCMRgl, and histologic damage in the same regions as those in Fig. 2 (left) . Both LCMRgl and LCBF2 were measured at the end of recovery period. Most regions with LCBF2 values of <40% of flow in the sham animals showed a marked depression in LCMRgl, with severe histologic damage (grade 3). On the other hand, when LCBF2 was between 40 and 115% of the sham level, LCMRgl was activated with an average metabolic rate of 154.0 ± 14.5% of the sham. The histologic damage in these regions was mostly grade 1. AI- though LCBF2 showed a wide scatter (5.8-124.9% of the sham), the average value of 50.8 ± 5.8% was statistically higher than LCBFI (p < 0.001; Stu dent's paired t test). The correlation between LCBFI, LCMRgI, and histologic damage in the peripheral MCA territory is shown in Fig. 3 (left) . The average LCBFI value (35.1 ± 3.5% of the sham) was significantly higher than that in the central MCA territory (p < 0.0 I; Bonferroni method) (Wallenstein et aI., 1980) . LCMRgl, however, varied in a range similar to that of the central MCA territory. When LCBFI was >40% of the sham, these regions tended to show normal histology, with an average LCMRgl of 87.3 ± 9.4% of the sham. Figure 3 (right) shows the correlation between LCBF2, LCMRgI, and histology in the same re gions as those shown in Fig. 3 (left) . LCBF2 was 55.4 ± 5.0% of that of the sham animals, which was statistically higher than LCBF I in this territory (p < 0.005; Student's paired t test). It is noteworthy that the regions with no histological damage (grade 0) showed a parallel decrease in both LCBF and LCMRgl such that the flow-metabolism couple re mained normal. These regions were fitted to a linear regression line, LCMRgl = 0.71 x LCBF2 + 33.3 (r = 0.575, p < 0.05). Activation of LCMRgl along with slight histological damage (grade I) was noted in the regions with LCBF2 between 50 and 80% of the sham; the average LCBFI of these regions was 23.1 ± 4.3% of the sham. In the regions that were histologically normal, the average LCBFI was 45.1 where LCBF2 was <30% of the sham and was ac companied by severe histological damage.
The relationship between LCBFI, LCMRgI, and histology in the boundary territory is shown in Fig.  4 (left) . No histological damage was observed, and most regions showed both LCMRgl and LCBFI be tween 40 and 100% of the sham. The average LCBFI value in these areas was 59.1 ± 1% of the sham, which was statistically higher than that of either the central or the peripheral MCA territory (p < 0.01), but lower than that of the non-MCA territory (p < 0.01; Bonferroni method). Figure 4 (right) shows the correlation between LCBF2, LCMRgL and histology in the same re gions as those in Fig. 4 (left) . Local flow during the recovery period ranged from 40 to 137.6% of the sham level. with an average value of 78.6 ± 7.4%, which was statistically higher than the blood flow in this territory during ischemia (p < 0.05; Student's paired t test). LCMRgl and LCBF2 exhibited par allel changes such that the flow-metabolism couple appeared to be maintained normal. as was seen in the histologically intact regions of the peripheral MCA territory (Fig. 4) . A linear relationship be tween LCMRgl and LCBF2 of LCMRgl = 0.5 x LCBF2 + 45.3 (r = 0.579, p < 0.05) was calcu lated.
The relationship between LCBF I, LCMRgI, and histology in the non-MCA territory is shown in Fig.  5 (left) . LCMRgl ranged from 71.2 to 136.4% of the sham, and no histological abnormalities were ob served. The average LCBFI value, 101.3 ± 4.1% of the sham, was statistically higher than the cor responding value of any other territory examined (p < 0.01; Bonferroni method). Figure 5 (right) shows the relationship between LCBF2, LCMRgl. and his- to logy in these regions. LCBF2 ranged from 60.7 to 147.8% of the sham, with an average of 97.0 ± 6. I %, which did not differ from the corresponding value of LCBF [ in this territory. There was a good linear relationship between LCMRgl and LCBF2: LCMRgl = 0.5 x LCBF2 + 54.2 (r = 0.671, P < 0.05). Figure 6 summarizes the relationship between the LCMRgl values in various gray matter structures of the ischemic hemisphere and their histological grade. In the regions with normal histology, LCMRgl ranged from 40.5 to 151.5% of the sham with a mean (± SEM) of 89.4 ± 3.2%, whereas the regions with slight histological damage (grade [) in variably exhibited activated LCMRgl ranging from 120.6 to 293.3% of that of the sham with a mean (±SEM) of 187.5 ± IO.9%. In contrast, the regions with severe histological damage (grade 3) showed a markedly depressed LCMRgl of <44.2% of the sham level. LCMRgl in the regions with moderate damage (grade 2) was between the metabolic rates 
DISCUSSION
The present study has focused on the regional flow-metabolism couple as well as histology during the recovery period following focal ischemia. LCBF was measured twice using the radiolabeled micro sphere technique (Marcus et aI., 1976) . The size of the micro spheres and the method of injection have been validated by Marcus et al. (1976) and Chen et al. (1983) . Chen et al. (1983) showed a slight un derestimation of CBF with this technique, owing to a shunting of the 15-jJ-m-diameter microspheres. However, since no difference has been found in the filter capacity of the vascular tree in cat brain for , .
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FIG. 5. Relationship between local CMRgl (LCMRgl) (measured at the end of 4 h of recovery), histology in the non-middl! cerebral artery (MCA) territory of the ischemic hemisphere. and local CBF (LCBF) measured at the end of 1 h of ischemii (LCBF1) (left) or LCBF measured at the end of the recovery period (LCBF2) (right) (see Fig. 1 ).
15-f.Lm-diameter microspheres during postischemic recirculation (Hossmann et al.. 197�) , then. no error is introduced in expressing LCBF values of the ex perimental animal group as a percentage of corre sponding values in the sham animals. The fi nding of no significant difference between LCBF I and LCBF2 in the sham animals. even though the time interval between these measurements was 4 h. fur ther validates the use of this technique in our lab oratory in this model. The accuracy of the microsphere technique is also related to the number of particles trapped in a tissue sample. Buckberg et al. (1971) determined that errors in calculated blood flow are <20if( as long as each sample has at least 400 microspheres. This calculation has recently been repeated by Dole et al. (1982) . The number of microspheres utilized in the present study was such that all tissue samples with CBF of > 10 mll100 g/min satisfied this crite rion. The number of microspheres injected in this study was expected not to affect the cerebral mi crocirculation (Heiss and Traupe. 1981) . Our blood flow values agree well with those reported by other investigators using the microsphere technique (Shulman et aI., 1975; Gross et al.. 1979) .
As shown in Results. some regions with a CBF at the end of the study of <25% ( = 10 ml/ IOO g/min) of the control value also exhibited a depressed LCMRgl. Any error introduced by a flow limitation in the 2DG model must also be considered in these regiom. In a modified 2DG model that also includes a blood flow term (J. Greenberg. unpublished data). we have determined that for low blood flows « 10 mllIOO g/min), the original operational equation (So koloff et a1., 1977) leads to an underestimation of LCMRgl. This underestimation is �8% for a flow of 5 mllIOO g/min. We must therefore be cautious in interpreting both blood flow data and glucose uti lization rate data from regions with LCBF values of <25% of the sham value.
Other fa ctors that may produce errors in the cal culation of local cerebral glucose utilization durin: recovery from ischemia include possible changes il the rate constants and the lumped constant Hawkins et al. (1981) have measured the rate con stants for tluorodeoxyglucose in ischemic strok, patients and have found differences from those 0 normal brain tissue. Based on their data. we havi calculated ""ischemic" rate constants for 2DG in th, cat and found that using these revised rate con stants increases the calculated LCMRgI in postisch emic regions from 9.6 to 35. 1% (mean 22.3%). W expect, however. that the change in rate constant in our study might be smaller than that reported b: Hawkins et al. (198 I) . since in our study LCMR § was calculated only in the recirculation period afte a rather short period of ischemia. It is still un known. however. how much the rate constants rna differ from normal in postischemic tissue sufferin various degrees of histological damage.
There is evidence that the lumped constant rt turns toward normal from an elevated level durin the reperfusion phase fo llowing acute cerebral isct emia (Ginsberg and . Hawkins et a (198 I) also indicate that there is only a minimal a teration in the lumped constant in stroke patienu The significantly greater sensitivity of the calCL lated LCMRgl to variations in the lumped constar than to variation in the rate constants makes it irr portant to determine if there is an alteration in th lumped constant as a function of histologic, damage. The above data (Ginsberg and Reivid 1979; Hawkins et a!.. 1981) suggest that suc changes are not appreciable.
The brains examined for histological damage i this study were immersion fixed in \0% formali and not, as is customarily done in histological il vestigations, perfusion fixed. Since the focus of th study was quantitative cerebral glucose metabolisl measurements, proper perfusion fixation was n( possible without washing out some of the label. We expect our histologic evaluations to be valid, how ever. If there was any fixation artifact, it would have been found in most of the brains, distributed over all degrees of ischemia. Ischemic cell damage was seen only in the animals with an occluded MCA and only in the ischemic hemisphere. Ischemic neu ronal damage, or artifact that may have appeared as damage, was never seen in the control animals. The sections were graded in a double-blind manner without any knowledge by the neuropathologist of the degree of ischemia. We did not get a random distribution of damage in the brains. The grading of the histologic sections was done on an entire field, not a single cell or small sampling of neurons, making the chance for artifact-induced conclusions unlikely.
One of the prominent findings in the present study is the activation of LCMRgl in regions of both the central and the peripheral MCA territories in which local blood flow was between 40 and 115% of the sham level during the recovery phase after transient ischemia (Figs. 2 (right) and 3 (right) ). In a parallel study using the same stroke medel, the tissue lactate level was invariably elevated in re gions with an activated LCMRgl, suggesting that the enhanced LCMRgl is largely due to anaerobic glycolysis (Tanaka et aI., 1984) . On the other hand, previous studies in both cats (Reivich et aI., 1977) and dogs (Bruce et aI., 1972) have revealed that the flow threshold below which LCMRgl is activated owing to anaerobic glycolysis is -40% of the con trol. Since almost all regions with such an enhanced LCMRgl had CBF values of <40% of that of the sham during ischemia (Figs. 2 (left) and 3 (left)), this suggests that the glucose metabolism was al ready activated anaerobically during the ischemic insult. Ta ken together, these data indicate that once regions have been subjected to anaerobic glycolysis during the ischemia, they can no longer utilize ox ygen efficiently during the subsequent recovery pe riod. The anaerobic glycolysis therefore persists de spite the recovery of CBF to a level greater than the threshold for anaerobic glycolysis in the normal condition. This interpretation is consistent with the data of Kogure et al. (1980) , who reported that ce rebral oxidative metabolism may remain depressed after transient ischemia as demonstrated by an ac cumulation of tissue lactate, a depression of ATP, as well as a hyperoxidation of cytochrome a,a3, and NADH in spite of an improved CBF. These de rangements may be due to a lack of electron flow to the respiratory chain or to an uncoupling of ox idative phosphorylation, so that even though ox ygen and glucose become available, postischemic tissue has difficulty further oxidizing pyruvate. The studies of Rosenthal et al. (1976) and Rehncrona et al. (1979) , showing possible defective oxidative me tabolism following ischemia, support this interpre tation. Rehncrona et al. (1979) found an aggravation of mitochondrial dysfunction evidenced by the de terioration of state 3 respiratory activity during re circulation after 30 min of incomplete ischemia. It has also been shown that the marked swelling of neuronal mitochondria is one of the earliest altera tions following MCA occlusion (Garcia et aI., 1977) .
It should be noted that CBF values obtained with the microsphere technique using rather large tissue samples (150-250 mg) would miss a microregional flow impairment that could at least partially explain the persistent anaerobic glycolysis. Microregional heterogeneity in flow has been noted during the re covery period after diffuse ischemia in cats (Gins berg et aI., 1978) . It is not likely, however, that mi croregional flow impairment played a major role in the activation of LCMRgl during recirculation in our study, since the [ 14 C]2DG autoradiograms ob tained did not show any marked microregional het-erogeneity. Likewise, seizure activity in the acti vation of LCMRgl can be ruled out, since there was no apparent paroxysmal activity in the EEG re cordings. Hossmann (1979) has suggested that during recirculation after ischemia, the oxygen re quirements of the tissue are increased (postisch emic hypermetabolism), which, in the absence of an adequate oxygen supply, would lead to a stim ulation of anaerobic glycolysis. Whatever the mech anism, the long-lasting anaerobic glycolysis during recirculation can result in prolonged lactic acidosis of the tissue, which not only will impair the re covery from ischemic insult, but will also worsen the damage (Welsh et aI., 1980; Kalimo et aI., 1981; Rehncrona et aI., 1981) . Figure 6 , which shows that the regions with slight histological damage always exhibit activation of LCMRgl whereas in regions with more severe histological damage LCMRgl is progressively depressed, suggests that anaerobic glycolysis may be a sign of the early stage of tissue damage.
As seen in Fig. 3 (right) , some regions in the pe ripheral MCA territory with LCBF2 values between 40 and 110% of the sham levels were spared from histological damage, whereas other regions with similar LCBF2 values exhibited damage. One of the different aspects of the histologically normal re gions, as compared with the damaged regions, was the mild to moderate depression in LCMRgl that seemed to match the decrease in LCBF2 such that the normal flow-metabolism couple was main tained. This is evidenced by the statistically signif icant linear relationship between LCMRgl and LCBF2 in these regions. Additionally, the regions with a normally maintained flow-metabolism couple did not suffer severe ischemia during the occlusion, since, as shown in Fig. 3 (left) , the LCBFI of these regions was generally >30% of that of the sham (45.1 ± 4.2%), whereas the regions with enhanced LCMRgl that exhibited histological damage had LCBFl values of <40% of the sham level (23.1 ± 4.3%). The difference in LCBFI between both re gions was statistically significant (p < 0.01). Since normally functioning tissue shows a tight coupling between LCBF and LCMRgl over a rather wide range (Jones et aI., 1981; Sokoloff, 1981a,b) , it is suggested that the regions with a preserved flow metabolism couple are likely to maintain functional integrity and viability and consequently do not ex hibit any histological damage. For this reason, an average flow of 45% of the control may be well tolerated with no subsequent damage. This obser vation is in good agreement with previous studies in the anesthetized cat, which showed that a CBF of 40% of the control is a threshold for survival of J Cereb Blood Flow Metabol. Vol. 5. No.2, 1985 neurons in ischemia (Heiss, 1983) . Above this level, the mechanism responsible for the close coupling of CBF and metabolism appears to function and con sequently protects the tissue against ischemic damage. This hypothesis is consistent with the find ings in other brain regions spared from ischemic damage (Figs. 4 (right) and 5 (right)) , which also exhibited a similar coupling between LCMRgl and LCBF in the range of 40-150% of control.
The effect of barbiturates, which are known to reduce CMRgl (Crane et aI., 1978) , on the mecha nism of coupling between CBF and CMRgl appears to be negligible, since tight coupling is seen in both thiopental-anesthetized and awake animals (Soko loff, 198Ia, b) . However, barbiturates might be ben eficial in ischemia, especially in the rather low flow range, by reducing metabolism.
In the MCA occlusion model in the cat, it has recently been reported that the marginal gyrus (an terior lateral gyrus), which belongs to the boundary territory, is the principal site of ischemic penumbra (Strong et aI., 1983) . In this region, EEG amplitude is reduced while pial surface potassium activity (Kp) remains undisturbed. Similar alterations in EEG and pial surface potassium activity were also present in the suprasylvian gyrus (which belongs to the peripheral MCA territory) in 41 % of their ex periments. These data are comparable with our findings in which all regions in the boundary terri tory (Fig. 4 (right) ) and half the regions in the pe ripheral MCA territory ( Fig. 3 (right) ), showed CBF and CMRgl to be well coupled with no consequent histological damage. The mildly to moderately de pressed LCMRgl is consistent with the depression in EEG amplitude without a failure of the ion pump (Strong et aI., 1983) . It can thus be assumed that the mechanisms responsible for maintaining the flow-metabolism couple under physiological con ditions may also be responsible for the protection of the tissue against ischemic damage by reducing metabolism so as to keep the coupling of flow and metabolism normal. The actual changes in the tissue level of various metabolites including AT P, phosphocreatine, lactate, and glucose in this stroke model are currently under investigation, and may help us elucidate the speculations and hypotheses posed in this report.
